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Abstract—40Ar/39Ar laser incremental heating analyses of supergene K-Mn oxides 
from weathering profiles at the Baye Mn deposit, southern Yunnan Plateau, SW China, 
were carried out to place constraints on the timing of weathering and derive insights 
into local paleoclimatic and landscape evolution. Weathering profiles in the Baye Mn 
mine are dominated by 20-30 m thick saprolites, which are locally covered by 
unconsolidated alluvial deposits. We analyzed 70 grains from 35 hand samples 
collected from four sites located at distinct elevations. In most cases, different grains 
from the same hand sample and different samples from the same site have 
reproducible 40Ar/39Ar plateau ages. The plateau ages of individual grains are also 
consistent with the respective isochron, integrated, and ideogram ages. This age 
consistency attests to the reliability of the geochronological results as numerical 
constraints on the formation and evolution of these weathering profiles.  
Sixty-four grains from 32 hand samples collected from weathering profiles at 
four sites (A to D) yield well-defined plateau or pseudoplateau ages ranging from 2.98 
± 0.07 to <0.16 Ma (2σ). The age results show that Mn oxides become progressively 
younger towards lower elevations: samples collected from the highest elevation site 
(~1855 m a.s.l.) have the oldest ages at 2.98 ± 0.07 to 2.83 ± 0.13 Ma; samples from 
intermediate elevations (1821 to 1815 m a.s.l.) yield ages ranging from 2.91 ± 0.10 to 
2.08 ± 0.11 Ma; and those from the lowest sites (1768 to 1753 m a.s.l.) are younger 
than 1.25 ± 0.08 Ma. The age versus elevation relationship indicates fast downward 
propagation of weathering front since the late Pliocene, and permits estimating the 
weathering rates at 3.3 ± 3.8, 6.6 ± 1.2, and 11.1 ± 1.9 m. Myr-1 during the time 
periods of 2.98-2.83, 2.91-2.08, and 1.25 to <0.16 Ma, respectively. The average river 
incision rates estimated from the surface exposed ages range from 235 ± 10 to 416 ± 
19 m. Myr-1 during the past 3 million years. The incision rate calculated from 
minimum exposed ages at sites B-D is 33 ± 2 m. Myr-1 for the time period of 
2.91-1.25 Ma, which is consistent with the slow incision of streams on the ridges over 
the Yunnan Plateau since the early Pleistocene.  
Three Mn oxide pebbles contained in the alluvial deposits overlying the 
saprolite-dominated weathering profiles at the two highest sites provided additional 
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information on the timing of weathering. Four grains from two pebbles yield plateau 
ages of 6.32 ± 0.19 to 5.27 ± 0.10 Ma, whereas the other two grains from the third 
pebble indicate a minimum formation ages of 8.2 ± 0.4 and 9.3 ± 0.3 Ma. These ages 
confirm the existence of older weathering profiles, now dismantled, in the region. 
Manganese oxide 40Ar/39Ar ages of the Baye deposit, when combined with results 
from other localities, indicate that lateritic weathering and supergene Mn enrichment 
and, by inference, warm and humid climates conducive to intense weathering have 
prevailed over the Plateau since the middle to late Miocene. The climatic conditions 
inferred from the weathering geochronology are consistent with multiple independent 
marine and terrestrial sedimentary and paleontological records, confirming that 
supergene Mn oxides can be used as a useful proxy for past climate. Age clusters of 
Mn oxides at 2.9-2.4, 1.2-0.8, and 0.6-0.4 Ma are broadly coincident with and thus 
likely reflect intensification events of the Indian Summer Monsoon that brings 
moisture and abundant precipitation to the Yunnan Plateau. These clusters also 
coincide with the periods of significant surface uplift in the Yunnan Plateau, 
demonstrating a causal link between topographic evolution, plateau uplift, and 
intensification of the monsoonal climate. 
 
1. INTRODUCTION 
 
Chemical weathering is significantly facilitated by favorable climatic and 
tectonic conditions (Nahon, 1991; Tardy and Roquin, 1992; Thomas, 1994). The 
formation and preservation of weathering profiles, and their depth and stratigraphic 
complexity, reflect the balance between weathering and erosion (Tardy and Roquin, 
1992; Thomas, 1994). Previous studies have shown that erosional processes are 
jointly related to climatic changes, tectonic uplift, and topographic evolution (Molnar 
and England, 1990; Montgomery and Brandon, 2002; Reiners et al., 2003; Burbank et 
al., 2003). Thus, investigating the mineralogy, geochemistry, stratigraphy, and 
geochronology of weathering profiles may provide valuable information on climatic, 
landscape, and tectonic evolution in the geological past (Tardy, 1993; Vasconcelos, 
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1999a; Girard et al., 2002). A major limitation in using weathering profiles to 
reconstruct paleoclimate and paleogeomorphology, however, is the lack of reliable age 
constraints on these profiles (Thomas, 1994).  
The potassium-bearing hollandite-group manganese oxides (K-Mn oxides) are 
amongst relatively common mineralogical components in weathering profiles, and 
particularly abundant in supergene manganese deposits (Roy, 1981; Parc et al., 1989; 
Nahon and Parc, 1990; Varentsov, 1996). These minerals contain sufficiently high K 
contents (in weight percent level) in their tunnel structures and have been considered 
as ideal phases for dating weathering processes using the K-Ar (Chukhrov et al., 1966; 
Yashvili and Gukasyan, 1973) and 40Ar/39Ar methods (Vasconcelos et al., 1992, 1994; 
Lippolt and Hautmann, 1995; Ruffet et al., 1996). The utilization of laser-heating 
40Ar/39Ar technique, which obviates the need for large quantities of samples and thus 
minimizes the contamination problems, has significantly advanced the study of 
weathering geochronology (Vasconcelos et al., 1992). 40Ar/39Ar studies of lateritic 
weathering profiles from Brazil (Vasconcelos et al., 1994; Ruffet et al., 1996; Carmo 
and Vasconcelos, 2004, 2006; Spier et al., 2006), Australia (Dammer et al., 1996; 
1999; Li and Vasconcelos, 2002; Vasconcelos and Conroy, 2003), West Africa 
(Hénocque et al., 1998; Colin et al., 2005; Beauvais et al., 2008), and South China (Li 
et al., 2007a; 2007b) have demonstrated that K-Mn oxides record a prolonged and 
complex history of chemical weathering in these areas, dating back to the late 
Mesozoic or early Cenozoic and, therefore, provide a wealth of information on 
long-term climatic and landscape evolution of regional or global significance. 
40Ar/39Ar geochronology of K-Mn oxides located at different elevations on 
stepped landscapes has also been successfully used to date and differentiate erosional 
surfaces. Several studies (Vasconcelos and Conroy, 2003; Carmo and Vasconcelos, 
2006; Beauvais et al., 2008) have shown that if a simple sinking of the oxidation front 
is assumed, weathering profiles at higher elevations host the oldest supergene 
minerals, middle elevation sites host minerals with intermediate ages, and the lowest 
elevation sites contain the most recently precipitated phases. Such age versus 
elevation relationships permit inferring weathering rates of parental rocks (Carmo and 
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Vasconcelos, 2006), propagation rates for weathering fronts (Vasconcelos and Conroy, 
2003; Carmo and Vasconcelos, 2006), or erosion rates of the weathered products 
(Beauvais et al., 2008), information critically important in understanding local to 
regional landscape evolution. 
The Yunnan Plateau is located on the southeastern margin of the Tibetan Plateau, 
with elevations ranging from 5,000 m in the northwest to less than 1,000 m in the 
southeast (Fig. 1a). The Yunnan Plateau formed during the India-Eurasia collision 
commencing in the early Cenozoic (Harrison et al., 1992; Prell and Kutzbach, 1992; 
Yin and Harrison, 2000). Geological and geochronological investigations suggest that 
the plateau has experienced staged uplift and episodic erosion during the Cenozoic 
(Tapponnier et al., 1990; Leloup et al., 1995; Clift et al., 2006; Wang et al., 2012). The 
topography of the plateau is characterized by the low-relief upland landscape (relict 
landscape) that extends from the southeastern margin of the Tibetan Plateau toward 
the South China Sea, and that is deeply dissected by major rivers and their tributaries 
(Fig. 1a; Schoenbohm et al., 2004a; Clark et al., 2005). Using zircon and apatite 
(U-Th)/He and apatite fission-track (AFT) dating results from deeply incised 
landscapes, Clark et al. (2005) and Ouimet et al. (2010) proposed that the 
land-surfaces in the northern Yunnan Plateau have been intensely dissected by rivers 
during the late Miocene. On the basis of stratigraphic constraints, Allen et al. (1984) 
and Schoenbohm et al. (2004a, 2006) inferred that the relict landscape in southern 
Yunnan Plateau has been dissected in the late Pliocene. Direct dating of these surfaces 
in the southern Yunnan Plateau, unfortunately, has not been available. 
Land-surfaces on the Yunnan Plateau are variably mantled by lateritic weathering 
profiles, some of which contain abundant supergene Mn oxides (Zhu, 1993; Yin and 
Guo, 2006). 40Ar/39Ar dating of these minerals may potentially provide numerical 
constraints on the age of the profiles and, by inference, the surfaces blanketed by 
these profiles, on the climatic conditions under which the profiles developed, and on 
the weathering and erosional processes that have shaped the surface of the plateau. In 
this paper, we present a detailed 40Ar/39Ar geochronological study of K-bearing Mn 
oxides hosted in weathering profiles of distinct elevations within the Baye Mn deposit 
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on the southern margin of the Yunnan Plateau, in an attempt to pose constraints on the 
minimum formation age of the exposed surfaces that were the roots of weathering 
profiles formed in the past (Vasconcelos and Conroy, 2003; Beauvais et al., 2008). 
The results are also used to derive insights into the paleoclimatic conditions under 
which the weathering profiles formed, on the topographical evolution in southern 
Yunnan Plateau, and on the timing and history of the Indian Monsoon that have 
governed the Neogene climate over the Yunnan Plateau and adjacent areas in South 
China. 
 
2. GEOLOGICAL AND GEOMORPHOLOGICAL SETTING 
 
The Baye Mn deposit (100°12′ E, 21°50′ N) is located in the southwestern 
portion of the Yunnan Plateau (Fig. 1). The local geology consists of Neoproterozoic 
metamorphic rocks of the Lancang Group, Jurassic to Cretaceous sandstones, and 
Neogene clastic rocks and unconsolidated sediments (Fig. 2a). The Lancang Group, 
with a total thickness of >7,000 m, consists of shallow marine sandstones, mudstones, 
and basalts, which have undergone upper greenschist facies metamorphism (Liu, 
1985). From base to top, the Lancang Group is divided into the Baye, Nanmuling, 
Manlai, Mengjingshan, and Huimin Formations (Fm) (Yunnan Bureau of Geology and 
Mineral Resources, 1990). The Huimin Fm is composed of sericite-chlorite schists, 
metabasalts, and marbles, and its upper parts contain numerous beds of Mn-rich 
schists and spessartine-rich quartzite (17-24 wt.% Mn; Deng, 2011), individually 5 to 
20 m in thickness (Hou et al., 1997). The Jurassic to Cretaceous continental sequences 
are composed of sandstones, conglomerates, red mudstones, and intercalated shales, 
which are rest unconformably on the Lancang Group. Neogene rocks and sediments 
are limited to numerous terrestrial basins or low relief landscapes, consisting of 
sandstones, conglomerates, coal and lignite beds, and unconsolidated deposits 
(Geological Survey of Yunnan, 1979).  
The area currently has a humid subtropical climate, with an average yearly 
precipitation more than 1,600 mm and a mean annual temperature of 18-20 °C 
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(Geological Survey of Yunnan, 1979). Local geomorphology consists of alluvial 
plains (500-700 m) that are separated by “hummocky” mountains and ridges 
(1,000-2,000 m; Fig. 1b). The relict landscape has been well preserved on the 
mountains and ridges, and variably mantled by lateritic weathering profiles that are 
disconnected by drainage incisions (Schoenbohm et al., 2004a). Previous studies have 
revealed that Pliocene sediments are widely distributed on the relict landscapes in the 
southern Yunnan Plateau, indicating that the relict landscapes were dissected by river 
incision in Pliocene or later (Schoenbohm et al., 2004a, 2006). To the east and south 
of the study area, the Lancang River flows south through Sipsongpanna to Laos and 
Myanmar, whereas the Nanpie River deeply cut into the mountains in the south (Fig. 
1b). The slope of the Nanpie River consists of four segments separated by knickpoints: 
an upper flat and three relatively steep channel segments (Fig. 1c). All the channel 
segments have been incised by numerous streams (Fig. 1c). The presence of these 
steep channel segments indicates that the Nanpie River has experienced three-stage 
river incision. The staged river incision may have been a result of pulsed uplift of the 
plateau since the Pliocene or changes in regional climate at a relatively constant uplift 
rate (Schoenbohm et al., 2004a).  
The area surrounding the Baye Mn deposit is characterized by a stepped 
landscape incised by drainage streams, with relatively flat surfaces at different 
elevations (Fig. 2b). These surfaces are mantled by 20-30 m thick weathering profiles 
dominated by saprolites containing abundant Mn oxides (Fig. 3a, b). The saprolites 
formed by decomposing the metabasalts, spessartine-rich schist, quartzite, and 
spessartine-rich quartzite of the Huimin Fm. The fresh metamorphic rocks are present 
at about 30 m below the present surface in each site, indicating that the depth of these 
weathering profiles at distinct elevations is probably less than 30 m (Fig. 2b). This in 
turn indicates that the now dissected profiles were not generated by incision and 
erosion of a single deeply weathering profile. The saprolite horizons at sites A and B 
are variably covered by alluvium containing abundant pebbles and gravels of Fe 
and/or Mn oxides (Fig. 2b; Fig. 3a), indicating erosion or truncation of preexisting 
weathering profiles. Similar alluvium deposits are also well preserved on the relict 
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landscape along the Nanpie River (Geological Survey of Yunnan, 1979). Thus, the 
alluviums at sites A and B are likely to be the sediments of the Nanpie River at a time 
when the river was flowing in a broad valley. 
The supergene Mn mineralization is largely expressed by massive accumulations, 
lenticular bodies, irregular veins, void infillings, or dense to sparse disseminations of 
tetravalent Mn oxides within the lateritic profiles (Fig. 2b; Fig. 3). Manganese oxides 
account for ca. 30-60 vol.% of the ores, but locally up to >90 vol.% (Hou et al., 1997; 
Deng, 2011). Other supergene phases associated with the Mn oxides mainly include 
goethite, hematite, and clay minerals. Field relationships and petrographic 
characterization indicate that Mn oxides formed either as replacement of hypogene 
Mn-bearing minerals mainly including spessartine and rhodonite (Fig. 3c), 
preferentially along schistosity within the Huimin Fm (Fig. 3d) or as cavity and 
fracture infillings (Fig. 3e, f). Manganese ores formed by the replacement of 
hypogene phases have an average of 25 wt.% Mn, 5 wt.% Fe, 6.9 wt.% Si, and 0.27 
wt.% P, with Mn/Fe and P/Mn ratios of 1~6 and 0.007~0.03, respectively (Deng and 
Li, 2013). The variety generated via open-space filling contain 27-44 wt.% Mn, 
0.43-4.90 wt.% Fe, 1.37-4.33 wt.% Si, and 0.08-0.44 wt.% P, with Mn/Fe and P/Mn 
ratios are 5~68 and 0.006~0.015, respectively (Hou et al., 1997; Deng, 2011).  
 
3. SAMPLING AND ANALYTICAL TECHNIQUES 
 
Manganese oxides suitable for 40Ar/39Ar geochronology were collected from 
distinct weathering profiles (sites A-D) at four different elevations, 1855, 1822-1815, 
1762-1753, and 1768-1758 m above sea level (a.s.l.; Fig. 2b). Whenever possible, Mn 
oxides exhibiting colloform, botryoidal, or banded textures (Fig. 3d) were targeted, 
which are generally of high purity and contain least contaminants of the parent silicate 
minerals. We collected 32 Mn oxide samples from saprolite zones at sites A-D and 3 
Mn oxide pebbles from alluvium overlying saprolites at sites A and B. 
Polished petrographic thin sections from each sample were examined under 
reflected- and transmitted-light microscopy to determine the phases present in the 
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samples and their paragenetic relationships. After petrographic examination, suitable 
parts from each sample were crushed, washed in distilled water in an ultrasonic bath, 
and dried. For each sample, 30–50 grains of visually pure Mn oxide ranging from 0.5 
to 2 mm in diameter were handpicked under a binocular microscope. The purity, 
composition, and crystallinity of these grains were further investigated by a 
combination of X-ray diffraction (XRD), electron microprobe (EMP) analysis, and 
scanning electron microscopy (SEM) at the State Key Laboratory of Geological 
Processes and Mineral Resources, China University of Geosciences (Wuhan). 
Powder XRD analysis was performed using an X’ Pert PRO DY2198 
diffractometer, equipped with a Cu target tube operated at 40 kV and 40 mA, and 3 to 
65° scan range. The XRD patterns were recorded using a step size of 0.017° 2θ and a 
scan speed of 1° 2θ/min. Three to four grains from each sample were then mounted in 
an epoxy container and polished for SEM and EMP analysis. The mounted grains 
were carbon-coated and investigated with a Quanta200 environmental SEM equipped 
with an energy dispersive spectrometer, enabling simultaneous morphological and 
compositional analysis of Mn oxides. EMP analyses were carried out on a JEOL JXL 
8100 Superprobe, at 20 kV acceleration voltage, 30 nA beam current, and 5 µm beam 
diameter. The counting time was 20 s on-peak and 10 s for off-peak background 
measurements. The following standards were used: Mn (Mn), NaAlSi3O8 (Na, Si), 
KAlSi3O8 (K), CaSiO3 (Ca), Al2O3 (Al), Fe2O3 (Fe), BaSO4 (Ba), PbS (Pb), ZnO (Zn), 
CuFeS2 (Cu). 
Based on XRD, EMP, and SEM investigations, five to ten pure grains from each 
sample were screened and loaded into 21-pit aluminum disks along with the Fish 
Canyon sanidine standards (28.201 ± 0.046 Ma; Kuiper et al., 2008). The locations of 
samples and standards in a single disk followed those of Vasconcelos (1999b)，with 16 
pits for samples and the reaming 5 for standards. The disks were wrapped in Al-foil, 
vacuum-sealed in silica glass tubes, and irradiated for 14 h at the B-1 CLICIT facility 
at the Radiation Center, Oregon State University. Sample and flux monitor irradiation 
geometry followed those of Vasconcelos (1999b). After a 2–3 month cooling period, 2 
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grains from each sample were analyzed by 40Ar/39Ar laser incremental heating 
technique. Heating with a laser beam (Innova 300 Ar-ion laser) defocused to 2 mm 
diameter permitted each grain to be heated nearly homogeneously, as confirmed by 
visual observation of grains through a video camera. Argon gases were extracted at 
consecutively higher laser powers lasting for 54–62 s at each designated power. The 
gases released during stepped heating were purified in a cryocooled trap (−130 °C) 
and two C-50 Fe–Ti–Zr SAES getter pumps. The cleaned gases were then admitted 
into a MAP 215-50 mass spectrometer, equipped with a third C-50 getter pump, for 
argon isotopic analysis. Full system blanks and air pipettes were analyzed before and 
after each sample analysis. Assuming an 40Ar/39Ar value of 298.56 ± 0.31 for the 
atmospheric argon (Lee et al., 2006), the air pipettes yielded 40Ar/36Ar discrimination 
values ranging from 1.0069 ± 0.0017 to 0.9827 ± 0.0022, with an average of 0.9959 ± 
0.0017. All dates are reported using 5.543 × 10−10 a−1 as the total decay constant for 
40K (Steiger and Jäeger, 1977) and following values for the reactor correction factors: 
(2.64 ± 0.02) × 10−4 for (36Ar/37Ar)Ca, (7.04 ± 0.06) × 10−4 for (39Ar/37Ar)Ca and (8 ± 3) 
× 10−4 for (40Ar/39Ar)K. The J factors for each irradiation disk (ranging from 0.003772 
± 0.000014 to 0.003765 ± 0.000009) were obtained through the analyses of at least 15 
grains of the Fish Canyon sanidine standard in one disk.  
 
4. RESULTS 
 
4.1. Mineralogy and Geochemistry of Mn oxides 
Petrographic examinations demonstrate that samples investigated in this study 
consist essentially of tetravalent Mn oxide minerals, with textures characteristic of 
supergene Mn deposits (Fig. 4; Roy, 1981; Parc et al., 1989). The Mn oxides are 
dominated by cryptomelane, with minor amounts of pyrolusite, lithiophorite, and 
hollandite (Table EA1 and Fig. 4 and 5). Cryptomelane occurs as fine crystalline 
masses or as microscopic bands alternating with other Mn oxide phases such as 
pyrolusite, lithiophorite, or hollandite (Fig. 4a, c). Secondary electron image and XRD 
patterns show that cryptomelane is well crystallized (Fig. 5) and typically display a 
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needle-like crystal habit, with individual crystals being 5–20 μm long and 0.5–2 μm in 
diameter (Fig. 4d). Multiple generations of cryptomelane are evident in a few samples 
(Fig. 4b, c), indicating several events of dissolution and re-precipitation. Where 
multiple generations occur, later generations are typically brighter under 
reflected-light microscope than the early varieties, possibly reflecting an increase in 
crystallinity (Fig. 4b). Hollandite is present as a minor phase, typically enclosed by 
cryptomelane (Fig. 4c). Pyrolusite is the second most abundant Mn oxide mineral, 
mostly present as large crystals radiating perpendicularly to the growth bands. 
Lithiophorite is frequently present in the innermost part of void spaces, or occurs as 
microscopic bands alternating with cryptomelane (Fig. 4a). Goethite is observed in 
some grains (Fig. 5b) and may be partially replaced by Mn oxides. No hypogene 
phases (micas, quartz, etc.) were identified in the Mn oxide grains, confirming their 
purity and thus suitability for 40Ar/39Ar dating.  
Electron microprobe analyses for the Mn oxides are tabulated in Table EA1. The 
average composition for the grains analyzed is consistent with a hollandite-group 
stoichiometry, with some analyses corresponding to pyrolusite and lithiophorite 
(Table 1). The hollanite-group minerals contain MnO2 mostly in the range of 85 to 95 
wt % (Fig. 6a), and the variations reflect differences in the contents of minor elements 
(Na, Ba, K, etc.) present within the tunnel sites of the hollandite-group minerals, and 
variable presence of cations such as Fe, Al, and Si in the mineral structures. The 
K2O-BaO correlations confirm that cryptomelane is the major mineral components 
(Fig. 6c). Crypeomelane contains 0.8 to 4.7 wt % K2O, with small amounts of BaO 
(<0.8 wt %), whereas hollandite has a maximum of 8.3 wt % BaO and 0.7 to 2.8 wt % 
K2O (Table EA1; Fig. 6b, c). In addition, cryptomelane contains an average of 0.51 
wt % CoO, 0.27 wt % NiO, and 0.35 wt % P2O5 (Table 1). Lithiophorite has 16 to 23 
wt % Al2O3, with minor amounts of SiO2, NiO, and ZnO. Pyrolusite is nearly pure 
MnO2 (97 wt %), with very low contents of other elements (Table 1). 
 
4.2. 40Ar/39Ar Results 
A total of 70 Mn oxide grains from 35 hand-samples were analyzed by the laser 
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incremental heating 40Ar/39Ar method. All analytical results, corrected for interfering 
isotopes and mass discrimination, are included in Table EA-2 and graphically 
illustrated in Figures EA1-4. A summary of these results is presented in Table 2. In 
this study, a plateau is defined by three or more continuous steps that contain more 
than 50% of the total amount of 39Ar released from the sample and yield apparent ages 
reproducible at the 95% confidence level (2σ) (Fleck et al., 1977). A pseudo-plateau is 
defined as two contiguous steps that have consistent apparent ages within analytical 
errors accounting for more than 50% of the total amount of 39Ar released. There are 
four main types of age spectra for the Baye Mn oxides as illustrated in Figure 7.  
Figure 7a represents the most common (>80%) age spectra, in which several 
continuous heating steps, accounting for 60-95 % of the total amount of 39Ar released 
from the sample, have apparent ages that are indistinguishable at the 95% confidence 
level (2σ). The shapes of the spectra indicate that these samples host their radiogenic 
and nucleogenic gas fractions in a tight crystallographic reservoir (Vasconcelos, 
1999a). Thus, the plateau ages can be interpreted as the precipitation age of the Mn 
oxides. In most cases, different grains from the same sample have plateau ages that 
are reproducible within analytical uncertainties (Figs. EA1-4; Table 2), confirming 
their reliability when interpreted as the formation ages of the Mn oxides. Most 
samples also yield isochron and ideogram ages that are in excellent agreement with 
their plateau ages (Table 2, Fig. 7). The isochrons yield initial 40Ar/36Ar ratios ranging 
from 315 ± 20 to 290 ± 8 (Table 2), consistent with the present atmospheric value 
(298.56 ± 0.31; Lee et al., 2006). 
A second type of spectra shows anomalously high apparent ages in the initial step, 
followed by a series of heating steps that form an age plateau (Fig. 7b). This type of 
spectra is indicative of 39Ar loss by recoil during neutron irradiation, with the recoiled 
39Ar having lost completely to the surrounding atmosphere (Vasconcelos, 1999a). 
However, these samples still yield well-defined plateau ages containing >60-80 % of 
the total amount of 39Ar released (Fig. 7b), suggesting that recoil had only a minor or 
negligible effect on these samples, and that the plateau ages are reliable estimates of 
the Mn oxide precipitation age.  
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Another type of spectra is characterized by ascending or descending staircase 
spectra (Fig. 7c, d). These age spectra suggest the presence of multiple Mn oxide 
growth bands, as indicated by petrographic observations (Fig. 4a). The descending 
spectra (Fig. 7c) indicates that the younger bands are progressively more thermally 
stable than the older counterparts, whereas ascending spectra (Fig. 7d) reflect that the 
younger bands are more thermally stable (Li and Vasconcelos, 2002). If significant 
39Ar recoil and contamination are lacking, the age difference between the oldest and 
youngest steps may represent the minimum duration of mineral precipitation in the 
grain (Vasconcelos and Conroy, 2003; Beauvais et al., 2008).  
Lastly, several grains yield hump-shaped spectra with younger apparent ages at 
low and high temperature steps and older ages in the intermediate temperature steps 
(Figs. 7e, f). Such spectra may represent a mixture of multiple Mn oxide generations 
that had contrasting thermal stability and released their radiogenic argon gas in 
distinct temperature ranges (Vasconcelos, 1999a). This interpretation is partly 
confirmed by the shapes of the Rad. % (percentage of radiogenic argon) spectra, 
which mirror the apparent age spectra of each grain (Fig. 7e, f). In this case, ages of 
the low and high temperature steps represent maximum estimates for the younger 
generation (Fig. 7e, f), whereas the ages of the intermediate temperature steps may 
approximate the minimum ages of the older generation (Beauvais et al., 2008). 
 
5. DISCUSSION 
 
5.1. Timing and history of weathering  
Sixty-four grains from 32 Mn oxide hand samples collected from the saprolite 
horizons yield well-defined plateau or pseudo-plateau ages ranging from 2.98 ± 0.07 
to <0.16 Ma (Figs. EA1-4; Table 2). Four grains from two Mn oxide pebble samples 
within alluvium at the two highest elevation sites have plateau ages of 5.27 ± 0.10 to 
6.32 ± 0.19 Ma (Figs. EA1 and 2; Table 2). The other two grains from the third pebble 
yield hump-shaped apparent age spectra (Fig. EA1c, d), with the intermediate steps 
having the oldest apparent ages of 8.0 ± 0.4 and 9.3 ± 0.3 Ma, respectively. These two 
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ages can be considered as the minimum age of the Mn oxide grains (Vasconcelos, 
1999a; Beauvais et al., 2008). The age probability diagrams of individual profiles 
reveal four major peaks at ca. 2.9-2.8, 2.4, 1.2, and 0.5 Ma, and the pebble samples 
yield a peak at ca. 5.4 Ma (Fig. 9a). When all the 40Ar/39Ar results from the four 
profiles were plotted together, those peaks become more evident (Fig. 9b). The Mn 
oxides become progressively younger toward a lower elevation (Fig. 9c), indicating 
downward propagation of the weathering front due to continuous descending of the 
water table. This age versus elevation relationship indicates that Mn oxides may have 
remained in metastable equilibrium in the weathering system. Otherwise, ages of the 
early-formed minerals would have been reset and 40Ar/39Ar dating of these minerals 
would yield chronological information only for the last event of Mn oxide 
precipitation at those sites. 
The weathering profiles studied are dominated by saprolite, with the duricrust, 
mottled zone, and bleached zone that are typical horizons overlying saprolite in 
mature and complete lateritic profiles (Nahon and Tardy, 1992; Anand and Paine, 
2002) being absent (Fig. 3a, b). The absence of these horizons indicates that the upper 
parts of the stratified weathering profiles have been removed by erosion, or physical 
erosion has been moderate but active, preventing the concentration of Fe and Mn 
oxides at the surface and stalling the formation of a complete stratified lateritic profile. 
In either case, Mn oxides that precipitated early in the history of weathering must 
have been eroded, resulting in a truncated weathering record. Therefore, the present 
40Ar/39Ar ages provide only minimum constraints on the timing and duration of 
weathering. If more complete and stratified weathering profiles were present in the 
region, they would potentially provide a more complete record on history of 
weathering.  
 
5.2 Implications for the Mio-Pleistocene paleoclimate 
Lateritic weathering, and associated supergene mineralization, is favored by 
abundant rainfall, relatively high temperature, and widespread vegetation cover, 
characteristics of humid tropical and subtropical zones (Nahon, 1986; Pracejus and 
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Bolton, 1992; Vasconcelos, 1999a). As such, lateritic weathering profiles and 
supergene ores therein serve as good proxies for past climates (Li and Vasconcelos, 
2002; Carmo and Vasconcelos, 2004; Colin et al., 2005; Beauvais et al., 2008). The 
quantitative tests used to compare our Mn oxides ages to independent paleoclimatic 
records are a series of t tests, following the methods of Riihimaki et al. (2009) and 
Riihimaki and Reiners (2012). The results of t value reflect prevailing enrichment of 
Mn oxides during time periods when proxy record is anomalously high (positive t) or 
low (negative t). The results of t tests (Table 3) reveal a strong correlation between 
intensive Mn oxide enrichment and warm and humid paleoclimatic conditions, with p 
values ranging from <0.0001 to 0.05. This quantitative characterization confirms that 
supergene Mn oxides can serve as good proxies for the climatic conditions in the 
geological past. 
Consequently, the 40Ar/39Ar ages of Mn oxides from the Baye deposit suggest 
that warm and humid climates may have prevailed over the Yunnan Plateau at least 
since the late Miocene. This view is partly supported by the 40Ar/39Ar ages of 
cryptomelane from weathering profiles in the Laochang Mn deposit to the north of 
Baye (Fig. 1a), ranging from 9.5 ± 0.4 to <0.16 Ma (Deng, 2011). Considering that a 
major part (duricrust, mottled zone, bleached zone) of the lateritic weathering profiles 
at Baye and Laochang may have been completely eroded, we propose that warm and 
wet climate over the plateau could have dated back to the middle or even early 
Miocene. This consideration is consistent with a transition of sedimentary records in 
many terrestrial basins over the Yunnan Plateau in the Oligocene-Miocene boundary. 
Many late Cretaceous to early Oligocene basins within this plateau are marked by 
thick deposits of gypsum, halite, and potash salt that reflect widespread aridity 
(Yunnan Bureau of Geology and Mineral Resources, 1990). In the late Oligocene to 
early Miocene, intercalations of coal beds were deposited in the Jinggu and Lufeng 
Basins (Fig. 10; Yunnan Bureau of Geology and Mineral Resources, 1990), indicating 
emergence of a humid climate at that time. In addition, a number of evergreen plant 
fossils, including Cephalotaxus sp, Quercus decora, Quercus simulate, Machilus 
ugoana, Nothaphoebe precaualeriei, and Lithocarpus angustus, have been recognized 
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in the late Oligocene to early Miocene strata from the Jinggu Basin (Anonymous, 
1978), confirming that at least parts of the Yunnan Plateau were covered by evergreen 
broad-leaved forests, which in turn indicate wet and warm climatic conditions around 
the Oligocene-Miocene boundary. Emergence of humid and warm climate between 
the Oligocene and Miocene is further partly confirmed by 40Ar/39Ar geochronology of 
Mn oxides from lateritic profiles in the Qinzhou and Xinrong areas in South China 
(Fig. 1a), which revealed intensive lateritic weathering and thus a humid climate in 
the whole Miocene (Li et al., 2007a, 2007b). 
The late Miocene to Pleisocene climatic conditions inferred from 40Ar/39Ar 
geochronology are consistent with abundance of economic lignite and oil shale 
deposits in a number of basins over the Yunnan Plateau (Yunnan Bureau of Geology 
and Mineral Resources, 1990). For example, the Zhaotong, Xiaolongtan, and 
Xianfeng basins (Fig. 10), among others, contain 200- to 260-m-thick lignite deposits 
and oil shales, reflecting predominance of a wet climate during the middle Miocene to 
Pliocene (Du, 1982; Liu et al., 1995). These Miocene to Pliocene sediments (e.g., 
Zhaotong, Tengchong, and Lincan basins; Fig. 10) also contain well preserved fossil 
flora and fauna including Cyclobalanopsis glaucides, Castanopsis delavayi, 
Castanopsis orthacantha, and Cunninghamia Lanceolata (Anonymous, 1978). Such 
assemblages demonstrate that large area of the Yunnan Plateau has been covered by 
evergreen broad-leaved forests during much of the Neogene. Pollen assemblages of 
tropical-subtropical plants (e.g., Cyclobalanopsis, Liquidambar, Carya, Davidia, Ilex, 
Machilus leptophylla, and Palmae) have also been documented from the late Miocene 
sequences within the Lvhe, Tengchong, Songhua, Lincan, and Zhaotong basins (Fig. 
10; Wang, 1996; Xu, 2003; Wu et al., 2008), confirming a warm and humid climate at 
that time.  
 
5.3. A causal link to the Indian Monsoon 
The Indian Monsoon is an important component of the Asian monsoon system, 
and has had fundamental impacts on the climate of the southern Himalayas, Tibet and 
SW China (Wang, 1990; Ding et al., 1994; Clemens et al., 1996; Clift et al., 2008). 
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The Neogene climate of the Yunnan Plateau has been largely controlled by the Indian 
Monsoon, which brings abundant precipitation resulting in intense weathering and 
formation of lateritic weathering profiles. Timing of the onset and intensification of 
the Indian Monsoon has long been a matter of debate (Clemens et al., 1996; Filippelli, 
1997; Sun and Wang, 2005; Gupta et al., 2008). 40Ar/39Ar ages of supergene Mn oxide 
from Baye suggest that the Indian Monsoon has existed at least since the late Miocene 
(ca. 9.3 Ma), and the age clusters at 2.9-2.4, 1.2-0.8, and 0.6-0.4 Ma (Fig. 11a) may 
suggest its intensification during those time intervals.  
The precipitation of the late Miocene (9.3 to 5.3 Ma) Mn oxides may also reflect 
an intensification of the Indian monsoon at that time. Similar observations have been 
made from weathering profiles in the Laochang area of the Yunnan Plateau (Fig. 1a), 
which contain numerous Mn oxide nodules dated at 9.5-6.7 Ma (Deng, 2011). The 
paleoclimatic conditions inferred from the Mn oxide pebbles at Baye are consistent 
with an increased abundance of N. dutertrei and U. probosidea from ODP Site 757 in 
the southeastern Indian Ocean and Site 1143 in the southern South China Sea (Wang 
et al., 2003; Singh and Gupta, 2005). These ODP results have been interpreted as 
reflecting intensification of the Indian summer monsoon during the 8-6 Ma interval 
(Fig. 11b, c; Wang et al., 2003; Singh and Gupta, 2005). The intensified chemical 
weathering deduced from geochemical records in the Indus and Bengal fans also 
support strengthening of the Indian monsoon from the late Miocene to early Pliocene 
(8-5 Ma; Filippelli, 1997). The increased strength of the summer monsoon during 
this period is further confirmed by pervasive formation of supergene Mn oxide 
deposits during the time span of 9-5 Ma in South China (Li et al., 2007a), by the low 
hydrogen isotopic values of meteoric waters analyzed from leaf-wax at 7-4 Ma in 
northern Tibetan Plateau (Zhuang et al., 2014), and by the expansion of C4 plant 
biomass at 7-5 Ma in the Pakistan deposits (Cerling et al., 1997), the Indian Siwalik 
sediments (Sanyal et al., 2010), and the Chinese loess deposits (Fig. 11d; An et al., 
2005). 
The age clusters of Mn oxides at 2.9-2.4, 1.2-0.8, and 0.6-0.4 Ma coincide well 
with multiple intensifications of the Indian Monsoon during the late Pliocene to 
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Pleistocene. The supportive evidence includes the high abundance and low diversity 
values of benthic foraminifera during the periods of 3.2-2.3, 1.2-0.9, and ~0.5 Ma, as 
revealed from ODP Sites 757 and 758, and IODP Sites 214 and 219 in the eastern and 
southeastern Indian Ocean, respectively (Fig. 11b; Gupta and Thomas, 2003; Singh 
and Gupta, 2005; Gupta et al., 2008). Relatively low hematite/goethite ratios, oxygen 
isotopes of planktonic foraminifer, and high productivity of radiolarians in the 3.1-2.7, 
1.6-0.9, and 0.5 Ma intervals from the ODP Sites 1146-1148 in the South China Sea 
reflect enhanced chemical weathering and, by inference, monsoon intensification 
during these time periods (Fig. 11c; Cheng et al., 2004; Huang et al., 2005; Zhang et 
al., 2009). Within the Yunnan Plateau, many basins (e.g., Heqing, Yuanmou, Kunming, 
and Songhua; Fig. 10) contain pollen assemblages (Fig. 11e, f), which are dated at 
2.9-2.4, 1.3-0.9, and ca. 0.5 Ma by paleomagnetic stratigraphy and pollen time series 
(Tong et al., 1994; Chang et al., 2010; Xiao et al., 2010). These pollen assemblages 
represent warm and humid climates, and are temporarily coincident with the 
precipitation of abundant Mn oxides in the Baye deposit, providing additional 
evidence for episodic strengthening of the Indian Monsoon during the Pliocene to 
Pleistocene. Lastly, increases in the magnetic susceptibility of the Chinese loess 
deposits as well as significant expansion of C4 plants with loess deposition at ca. 
2.9-2.7 Ma, 1.3-0.9 Ma, and 0.6 Ma (Fig. 11d), have also been interpreted as 
indicating intensification of the Asian summer monsoon (Xiao and An, 1999; An et al., 
2005; Han et al., 2007).  
 
5.4. Weathering, Denudation, and Topographic Evolution 
5.4.1 Weathering rates 
The positive correlation between the age and location of Mn oxides at Baye (Fig. 
9c) has also been revealed from other studies (Vasconcelos and Conroy, 2003; Carmo 
and Vasconcelos, 2006; Beauvais et al., 2008), but the cause for and interpretation on 
such an age versus elevation relationship may not be necessarily the same. Carmo and 
Vasconcelos (2006) identified an inverted age stratigraphy for a single weathering 
profile at Cachoeira Mine of Minas Gerais in NE Brazil, which they interpreted as 
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reflecting downward propagation of a weathering front due to a progressively 
descending water table. Similarly, the stepped landscapes evolved from a single 
weathering profile at Dugald River, NW Queensland, Australia, record a progressive 
descending migration of a relatively flat weathering front since the middle Miocene; 
the age versus elevation relations yield an average weathering rate of 3.8 m.Myr-1 for 
the past 15 Ma (Vasconcelos and Conroy, 2003). At the Tambao deposit, West Africa, 
stepped glacis surfaces have formed as a result of concurrent chemical weathering and 
mechanical erosion, and the age versus elevation correlations yield an average 
weathering rate of 1.5 m.Myr-1 and erosion rate of 3-8 m.Myr-1 for the period of 59-3 
Ma (Beauvais et al., 2008). 
The profiles investigated in this study may have never been connected as part of 
a single weathering blanket; instead they are more likely to have evolved as isolated 
profiles developed on distinct steps created by differential drainage incision (Fig. 12). 
The measured age versus elevation relationship reveals a combined effect of chemical 
weathering and incision processes. Time intervals of chemical weathering at 2.98-2.83, 
2.91-2.08, and 1.25 to <0.16 Ma, when combined with the depth of distinct saprolite 
profiles, permit calculating the average weathering rates ranging from 3.3 ± 3.8 to 
11.1 ± 1.9 m. Myr-1 (Fig. 12b).  
Weathering rates deduced from the 40Ar/39Ar ages of Mn oxides at Baye are 
consistent with values obtained by independent studies. Mass-balance calculations 
have yielded weathering rates of 1.6-10.2 m. Myr-1 for silicates in several localities 
along the Xijiang, Longchuanjiang, Mekong, and Red Rivers over the Yunnan Plateau 
(Gaillardet et al., 1999; Han and Liu, 2004; Xu and Liu, 2007; Li et al., 2011). 
Cosmogenic 10Be studies demonstrated that denudation rates for the relict landscapes 
on the southern Tibetan Plateau range from 5 to 11 m Ma-1 (Strobl et al., 2012). 
Similarly, soil mass-balance calculation from other areas of the world gave long-term 
weathering rates of 4-50 m. Myr-1 (e.g., Pavich, 1989; Thomas, 1994; White et al., 
1998; Théveniaut and Freyssinet., 1999; Small et al., 1999; Ma et al., 2010). 
Weathering rates calculated in this study are also comparable to values obtained for 
weathering profiles in Australia, Brazil, and West Africa using 40Ar/39Ar 
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geochronology (1.5 to 8.9 m. Myr-1; Vasconcelos and Conroy, 2003; Carmo and 
Vasconcelos., 2006; Beauvais et al., 2008). 
5.4.2 Incision rates 
The Mn oxide pebbles contained in the alluvium overlying saprolite zones at the 
highest elevation sites are dated at 9.3 ± 0.3 to 5.27 ± 0.10 Ma (Table 2; Figs. EA1 
and 2), indicating that older weathering products in the region have been totally 
eroded. The age results further indicate that the maximum age of the surface exposed 
at sites A and B is 5.27 ± 0.10 Ma, and thus a minimum average incision rate (235 ± 
10 m. Myr-1) can be calculated using the age and height of the abandoned terraces 
above the Nanpie River. As incision exposes deeper parts of the landscape through 
time; the newly exposed surfaces become weathered, recording a minimum age of 
exposure for the progressively lower surfaces (Fig. 12b). The maximum average 
incision rates of the Nanpie River can therefore be calculated based on the minimum 
exposure ages of the surface, which are 416 ± 19 m. Myr-1 for site A (2.98 ± 0.07 Ma) 
and 414 ± 22 m. Myr-1 for site B (2.91 ± 0.10 Ma) (Fig. 12a). The incision rates 
(235-416 m. Myr-1) calculated for the Nanpie River are consistent with the values 
estimated from zircon and apatite (U-Th)/He and apatite fission-track dating results in 
the eastern Tibetan Plateau (Kirby et al., 2003; Clark et al., 2005; Ouimet et al., 2010; 
Duvall et al., 2012). The incision rates are 250-500 m. Myr-1 for the Yalong and Dadu 
River gorges between 9-13 Ma (Clark et al., 2005), 200-600 m. Myr-1 for the Tsangpo, 
Salween, Mekong, Yalong, Yellow, and Yangtze River gorges between 4-11 Ma 
(Duvall et al., 2012), and ca. 330 m. Myr-1 for the Dadu, Yalong, and Yangtze River 
gorges since about 10 Ma (Ouimet et al, 2010). The incision rates for the Nanpie 
River are also comparable to the results calculated from 10Be exposure and 14C dating 
of the Quaternary fluvial terraces on the eastern Tibetan Plateau ranging from 200-800 
m. Myr-1 (Ouimet et al., 2009; Godard et al., 2010; Hetzel, 2013). The river incision 
rates inferred from the Pleistocene to Holocene terraces on the eastern margin of the 
Tibetan Plateau range from 200-500 m. Myr-1 at low gradient channel rivers to 
1000-3000 m. Myr-1 at high gradient channel rivers (Kirby et al., 2003), with the 
former being similar to the incision rate of the Nanpie River. This similarity may 
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reflect the fact that the relict landscape at Baye (Fig. 2b) has been incised by the low 
gradient channel Nanpie River (Fig. 1c). Allen et al. (1984) proposed that the incision 
of the Red River, running through the SW Yunnan Plateau, began in the late Pliocene 
at a rate of 200-400 m. Myr-1, consistent with the Nanpie River incision rates obtained 
in this study.  
The incision rate estimated from the minimum exposed ages at site B (2.91 ± 
0.10 Ma) and sites C and D (1.25 ± 0. 08 Ma) is 33 ± 2 m. Myr-1 (Fig. 12b). This 
value is comparable to the measured incision rates (10-90 m. Myr-1) by cosmogenic 
26Al dating of the Wudingshan caves (with burial ages of 2.54 and 0.69 Ma) in close 
proximity of the northern end of the Red River (Schoenbohm, 2004b). The incision 
rate estimated from sites B-D, however, are much lower than those obtained from the 
Nanpie River and other deeply incised rivers over the Yunnan Plateau (Allen et al., 
1984; Kirby et al., 2003; Clark et al., 2005; Ouimet et al, 2010; Godard et al., 2010; 
Duvall et al., 2012; Hetzel, 2013), implying distinct drainage incision in different time 
periods, likely due to changes in climatic conditions or staged tectonic uplift of the 
plateau (Schoenbohm et al., 2004a). It is noticeable that there is an absence of 
alluvium sediments over saprolites at the lower-elevation sites C and D, indicating 
that the relict terraces of the Nanpie River have experienced different stages of 
drainage incision since ~3 Ma. Assuming that the stepped land-surfaces preserved at 
sites C and D represent the abandoned channel of the Nanpie River, all the stepped 
surfaces at Baye would have been exposed at similar ages because of the high incision 
rates of the Nanpie River (235-416 m. Myr-1). Nevertheless, the exposure ages 
deduced from the Mn oxide 40Ar/39Ar results rapidly decrease from sites B to D. Thus, 
the stepped surfaces at sites B-D are more likely associated with abandoned terraces 
produced by relatively low stream incision (Fig. 12b). The streams on mountains are 
far away from the attainment of local base level, whereas the deeply incised Nanpie 
River generally reaches local base level of erosion (Fig. 12a). This confirms that the 
strath terraces at sites B-D are results of relatively slow stream incision. 
5.4.3 Topographic evolution 
Multiple-segment of river longitudinal profile in the region (Fig. 1c) and stepped 
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weathering profiles at Baye (Fig. 2b) indicate complicated landscape evolution over 
the southern Yunnan Plateau. Previous study showed that the topographic evolution in 
this region has been governed by two factors: tectonic uplift and regional climatic 
changes (Schoenbohm et al., 2004a). Based on existing models (Bull, 1990; Hancock 
and Anderson, 2002; Finnegan et al., 2008), the morphology of the four-segment 
channel in the study area may have formed either as a result of three successive stages 
of surface uplift or three stages of intensification of the Indian Monsoon.  
In the first scenario, the topographic evolution of the region is controlled by 
pulsed tectonic uplift. Increased surface uplift rate would significantly enhance river 
incision, consequently causing the isolation of the upper channel segment and 
progressive development of a new channel. Pulsed tectonic uplift is demonstrated by 
paleomagnetic stratigraphic data and electron spin resonance (ESR) dating of 
calcareous cements in moraine deposits from the southern Yunnan Plateau, which 
reveal significant surface uplift at 3.4-2.5, 1.2-0.8, and 0.6-0.4 Ma (Jiang and Wu, 
1998; Guo et al., 2001). Tectonic uplift at similar ages is also documented by studies 
of the landscape around the Tibetan Plateau through paleomagnetic stratigraphy, 
fission-track thermochronology, and ESR or thermoluminescence dating (Li, 1999; 
Zheng et al., 2000; Yuan, 2003; Li, 2010; Zhang et al., 2013; Li et al., 2014). In the 
second scenario, the topographic evolution of this region is controlled by changes in 
climatic condition related to the variation of the Asian summer monsoon. 
Intensification of the summer monsoon must have led to an increase in the river 
discharge and river incision rate, causing the abandonment of the former river channel 
and formation of a new channel. This is supported by the Mn oxide dating results 
which suggest episodic intensification of the Indian Monsoon at 2.9-2.4, 1.2-0.8, and 
0.6-0.4 Ma. In this case, the base level in this region could be much lower than the 
river channels before ca. 3 Ma, thus allowing multistage downward cutting of the 
river channel. If this is the case, the rapid river incision in this region must occur no 
later than 3 Ma. However, existing thermochronologic and stratigraphic data 
demonstrate that the river incision in the southern Yunnan Plateau commenced in 3 
Ma or later (Allen et al., 1984; Yunnan Bureau of Geology and Mineral Resources, 
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1990; Schoenbohm et al., 2006).  
Collectively, the topographic evolution in this region could have been driven by 
an integrated force involving regional surface uplift and changes in climate since the 
Pliocene. During the period of the pulsed surface uplift, base level falls were distant 
from the initiated channel. Meanwhile, the monsoon may have been enhanced by the 
uplift of the plateau surface over the Tibetan Plateau (Ruddiman and Kutzbach, 1989; 
An et al., 2001; Molnar et al., 2010; Molnar and Rajagopalan, 2012). Thus, the 
surface uplift was coupled with the intensification of monsoon, promoting the incision 
of channels and developing new channels at lower elevation. This topographic 
interpretation confirms current understanding that initiation and intensification of the 
Indian Monsoon could have resulted from the uplift of the Tibetan Plateau. 
 
6. CONCLUSIONS 
 
40Ar/39Ar dating of supergene Mn oxides collected from four stepped weathering 
profiles in the Baye Mn deposit yield ages ranging from 9.3 to <0.16 Ma. These 
results, when combined with data from other localities of the same and neighboring 
regions, suggest that humid climate conducive to intense weathering and supergene 
Mn enrichment have prevailed throughout the Yunnan Plateau since at least the late 
Miocene. Climatic implications inferred from the weathering geochronology are 
consistent with various sedimentary and paleontological records in numerous 
Mio-Pliocene basins over the plateau. The age clusters of the Mn oxides are 
coincident well with periods of intensification of the Indian monsoon at 9-5, 2.9-2.4, 
1.2-0.8, and 0.6-0.4 Ma deduced from multiple marine and terrestrial sedimentary 
proxies. This confirms that Mn oxides derived from weathering profiles can serve as a 
good climate proxy. The Mn oxide dating results also reveal an excellent positive 
correlation between the ages of Mn oxides and their elevations: the higher elevation 
profiles are older and their age decreases with decreasing elevation. Such an age vs. 
elevation correlation yields an average weathering rate of 3.3 to 11.1 m. Myr-1, an 
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average river incision rate of 235-416 m. Myr-1 since the Pliocene, and an average 
stream incision rate of 33 m. Myr-1 at 2.91-1.25 Ma. Topographic evolution in the 
Baye area inferred from 40Ar/39Ar geochronology of supergene Mn oxides may have 
been jointly related to intensifications of the Indian monsoon and pulsed surface uplift. 
Results from this study confirm that precisely dated weathering profiles provide 
valuable information on past climatic conditions, tectonic uplift, and topographic 
evolution.  
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Figure captions 
Figure 1 (a) Digital elevation map showing the regional topography of the eastern 
Tibetan Plateau, the Yunnan Plateau, and the South China. Data are from the NASA 
Satellite Radar and Topography Mission (SRTM; http://srtm.csi.cgiar.org/). Also 
shown are several Mn oxide deposits mentioned in the text, including the Baye (BY), 
Laochang (LC), Qianzhou (QZ), and Xinrong (XR). (b) Digital elevation map 
showing the landscape of the Baye area and surroundings. Map location is indicated 
in Fig. 1a. Data are provided by International Scientific & Technical Data Mirror Site, 
Computer Network Information Center, CAS (http://datamirror.csdb.cn). (c) 
Topographic cross section illustrating the Nanpie River valley morphology. The river 
channel is characterized by deep incision, with low gradient slopes separated by 
streams.  
 
Figure 2 (a) Geological map of the Baye Mn oxide deposit. For location of in the map 
see Figure 1b. (b) Sketch of a geological cross section showing a stepped landscape 
mantled by saprolite-dominated weathering profiles commonly 20-30 m in thickness. 
See Figure 2a for the location of the section. Note that saprolite zones at sites A and B 
are covered by alluvium of 50-120 cm thickness. The alluvium contains numerous Mn 
oxide pebbles or gravels, indicating erosion of previously formed weathering profiles.  
 
Figure 3 Photographs showing weathering profiles and occurrences of Mn oxides 
  
 
36 
therein. (a) Weathering profile typical of site B is dominated by saprolite hosting 
abundant in situ Mn oxides. The saprolite zone is overlain by alluvium that contains 
numerous Mn oxide gravels and pebbles as indicated by the arrows. This photo is 
approximately 2 m high. (b) A thick saprolite profile at site C containing abundant in 
situ Mn oxides. (c) Mn oxides formed by replacing Mn-bearing silicate minerals 
dominated by spessartine (Sps) and rhodonite (Rdn). (d) Mn oxides coexisting with 
clay minerals, both occurring broadly along the schistosity. (e) Crosscut relationship 
of two generations of Mn oxide. The early generation is cut by the late variety (Mn 
oxide veins) that fills open fractures penetrating the schistosity. Pen is 15 cm long. (f) 
Mn oxides with colloform texture, indicating their formation by direct precipitation of 
Mn4+ oxyhydroxides from a weathering solution. This type of Mn oxides is generally 
of high purity, well crystallized, and thus ideal for 40Ar/39Ar geochronology. 
 
Figure 4 Reflected-light photomicrographs (a-b), back-scattered electron (c) and 
secondary electron images (d) showing textures and crystallinity of representative Mn 
oxide samples used for 40Ar/39Ar geochronology. (a) Colloform texture consisting of 
alternating growth bands of cryptomelane (Cm, white grey) and lithiophorite (Lit, 
dark grey). (b) Cross-cutting relationship of two generations of cryptomelane. The 
early-formed cryptomelane (Cm1) consists of multiple microscopic bands, and the 
second generation (Cm2) is a vein. (c) Early-precipitated hollandite (Hol) is coated 
with two generations of cryptomelane (Cm1 and Cm2). (d) Acicular cryptomelane 
mass, with individual crystals generally smaller than 1 μm in diameter.  
 
Figure 5 Powder X-ray diffraction spectra confirming that samples used for 40Ar/39Ar 
dating are pure cryptomelane (a) or dominated by cryptomelane with minor amounts 
of goethite (b). The shape of the spectra indicates good crystallinity of cryptomelane. 
 
Figure 6 Histograms of MnO2 (a) and K2O (b) contents and the K2O-BaO correlations 
(c) of Mn oxides used for 40Ar/39Ar geochronology. The compositions are consistent 
with a hollandite-group stoichiometry. 
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Figure 7 Representative 40Ar/39Ar age spectra of Mn oxides from the Baye deposit. 
See text for explanations.  
  
Figure 8  Diagrams illustrating the reproducibility of plateau ages of different grains 
from the same sample (a, b), the compatibility between the plateau and integrated ages 
for each grain, and the consistency among the plateau, isochron (c), and ideogram (d) 
ages for each sample. 
 
Figure 9 (a) Probability density plot (ideogram) generated by 40Ar/39Ar dating results 
of all Mn oxides from the four sites with distinct elevations in the Baye deposit. This 
plot includes all heating steps that define the plateau and pseudo-plateau ages. (b) A 
probability density plot (ideogram) for Mn oxides from all four sites at Baye, showing 
three age clusters at 2.9-2.4, 1.2-0.8, and 0.6-0.4 Ma. (c) The correlations between the 
plateau ages of Mn oxide samples and their elevations.  
 
Figure 10 A map showing the distribution of major Cenozoic basins over the 
southwestern Yunnan Plateau. The Paleogene basins commonly contain deposits of 
gypsum, halite, and potash salt, whereas the Neogene sediments are dominated by 
lignites and oil shales, indicating a significant transition from a dry to wet climate 
possibly in the Oligocene-Miocene boundary. See text for explanation. 
 
Figure 11 Diagrams showing a correlation of various paleoclimatic proxies. (a) 
Probability density plot of 40Ar/39Ar ages of Mn oxides from weathering profiles in 
the Baye area showing age clusters at ca. 2.9-2.4, 1.2-0.8, and 0.6 -0.4 Ma. (b) Species 
diversity values at ODP Site 757 of information function. Decreasing in the values 
may indicate intensification of Indian Monsoon (Singh and Gupta, 2005). (c) 
Planktonic oxygen isotopes from ODP 1147 and 1148, South China Sea (Cheng et al., 
2004). (d) Soil carbonate δ13C from Lingtai of the Chinese Loess deposits (An et al., 
2005); (e) Pollen percentage curve of mesic conifer revealed from the scientific 
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drilling program in the Heqing basin (Fig. 10; Xiao et al., 2010); (f) Pollen 
assemblages from many late Pliocene to Pleistocene basins (e.g., Yuanmou, Kunming, 
and Songhua; Fig. 10) on the SW Yunnan Plateau indicating frequent variations in the 
paleoclimate (Tong et al., 1994).  
 
Figutr 12 (a) A schematic model illustrating formation and evolution of the strath 
terraces at Baye and adjacent areas. The upper terraces on sites A and B have been 
formed by the Nanpie River incision. An incision rate of 235-416 m. Myr-1 was 
calculated using the maximum and minimum ages of surface exposed (ca. 5.3 Ma and 
2.98 Ma) and the height (1240 m) from these terraces to the present river valley 
bottom. See Figure 1b for the location of the cross section. (b) The stepped landscape 
at Baye with incision rates estimated from the minimum exposure ages of abandoned 
strath terraces and the heights between two adjacent terraces. Also shown are the 
weathering rates estimated for each site. 
 
 
Table 1. Average chemical composition of Mn oxide minerals from the Baye deposit, 
determined by EMP analysis. 
Table 2. Summary of 40Ar/39Ar ages of Mn oxides from the Baye deposit, Yunnan 
Plateau.  
Table 3. The t values at different time intervals.  
 
Electronic Annex: 
Figure EA1 Incremental heating spectra for Mn oxides at at site A.  
Figure EA2 Incremental heating spectra for Mn oxides at site B.  
Figure EA3 Incremental heating spectra for Mn oxides at site C. 
Figure EA4 Incremental heating spectra for Mn oxides at site D.  
Table EA1. Chemical composition of Mn oxide minerals obtained by EMP analysis. 
Table EA2. 40Ar/39Ar data of Mn oxides from the Baye deposit, Yunnan Plateau. 
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Table 1. Average  composition of Mn oxide minerals  from the Baye Mn deposit determined by EMP 
analysis. 
Mineral 
Analysis # 
Crymtomelane 
n = 289 
Hollandite n 
= 12 
Pyrolusite 
n = 11 
Lithiophorite 
n = 7 
Na2O 0.17  0.16  0.09  0.04  
K2O 3.60  2.03  0.22  0.36  
BaO 0.07  4.47  0.03  0.12  
MnO2 89.55  84.28  97.34  73.68  
CaO 0.12  0.04  0.06  0.53  
Fe2O3 0.36  0.04  0.18  0.13  
Al2O3 0.64  2.39  0.23  20.45  
SiO2 0.06  0.25  0.30  0.37  
P2O5 0.35  0.28  0.12  0.13  
CoO 0.51  0.03  0.01  0.02  
NiO 0.27  0.04  0.02  0.13  
CuO 0.02  0.01  0.03  0.04  
PbO 0.02  0.04  0.03  0.01  
ZnO 0.07  0.07  0.04  0.18  
Total 95.80  94.13  98.85  96.20  
 
  
 
52 
Table 2. Summary of 40Ar/39Ar ages of supergene Mn oxides from the Baye Mn 
deposit, Yunnan Plateaua. 
Sam
ple  
Elevat
ion  
(m) 
Run 
ID# 
Plate
au 
age 
(Ma)
b
 
±  
2σ 
(M
a)   
Platea
u age 
(MS
WD) 
Plate
au 
age 
(P) 
Intergr
ated 
age 
(Ma) 
±  
2σ 
(M
a) 
Isoch
ron 
age 
(Ma) 
±  
2σ 
(M
a) 
Interc
ept    
40Ar/3
6Ar 
±  
Site A 
Mn oxide pebbles 
BY6
6 
1855 4748-
01 
5.27 0.1
0  
2.20  0.11 5.5 0.4 5.29 0.1
2 
298 2 
  4748-
02 
6.32 0.1
9 
1.70  0.18 6.4 0.6 6.4 0.2   
BY6
8 
1855 4759-
01 
9.3# 0.3   5.9 0.6 4.4 0.7 297 1 
  4759-
02 
8.2# 0.4   5.1 0.5     
In situ 
BY5
3 
1855.
1 
4745-
01 
2.96 0.0
6 
1.70  0.14 3.01 0.0
9 
2.70  0.1
5 
330 2
0 
  4745-
02 
2.98
* 
0.0
7 
6.40  0.01 3.24 0.1
1 
    
BY5
8 
1854.
6 
4754-
01 
2.86
* 
0.1
3 
0.72  0.40 2.35 0.1
9 
2.82 0.1
3 
299 1
2 
  4754-
02 
2.83 0.1
3 
0.63  0.59 2.6 0.3     
Site B 
Mn oxide pebbles 
BY5 1822 4713- 5.46 0.0 0.96  0.44 5.51 0.1 5.38 0.0 306 4 
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0 01 7 5 7 
  4713-
02 
5.45 0.0
7 
1.00  0.42 5.59 0.1
5 
    
In situ 
BY3
2 
1818 4735-
01 
2.51 0.0
8 
0.54  0.59 2.2 0.1
5 
2.54 0.1
0  
290 8 
  4735-
02 
2.70  0.0
9 
0.71  0.61 2.78 0.1
5 
    
BY3
4 
1821 4738-
01 
2.9 0.2 0.14  0.93 2.6 0.3 2.95 0.1
1 
292 8 
  4738-
02 
2.91 0.1
0  
0.75  0.47 2.7 0.2     
BY3
5 
1821 4739-
01 
2.68 0.1
1 
1.70  0.16 2.4 0.2 2.67 0.1
4 
297 9 
  4739-
02 
no 
plate
au 
   2.7 0.3     
BY3
6 
1821 4749-
01 
2.66 0.1
1 
0.57  0.57 2.4 0.2 2.65 0.1
2 
295 7 
  4749-
02 
2.65
* 
0.1
3 
4.90  0.03 2.3 0.2     
BY3
8 
1821 4741-
01 
2.75 0.0
6 
0.43  0.83 2.73 0.1 2.69 0.0
8 
316 1
0 
  4741-
02 
2.82 0.0
6 
0.24  0.79 2.95 0.0
8 
    
BY4
2 
1816.
7 
4750-
01 
2.33
* 
0.2
9 
7.20  0.01 1.64 0.1
6 
2.42 0.0
9 
270 3
0 
  4750-
02 
2.39
* 
0.0
7 
3.60  0.06 1.92 0.1
1 
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BY4
4 
1815.
6 
4751-
01 
2.08 0.1
1 
1.60  0.18 1.69 0.1
8 
2.13 0.1
5 
291 1
5 
  4751-
02 
no 
plate
au 
   -2 0.5     
BY4
6 
1815.
6 
4742-
01 
2.33 0.0
6 
1.19  0.31 2.32 0.1
1 
2.32 0.1
2 
310 2
0 
  4742-
02 
2.40  0.0
6  
1.80  0.15 2.66  0.1
0  
    
BY4
7 
1815.
6 
4744-
01 
2.81 0.0
8 
0.94  0.45 2.78 0.1
5 
2.76 0.0
7 
306 9 
  4744-
02 
2.75 0.0
8 
0.69  0.56 2.93 0.1
5 
    
BY4
9 
1815.
5 
4752-
01 
2.55
* 
0.0
8 
1.40  0.23 2.37 0.1
8 
2.50  0.2
0  
340 8
0 
  4752-
02 
no 
plate
au 
   0.5 0.5     
Site C 
BY0
2 
1754 4706-
01 
1.23  0.0
8 
0.89  0.50 1.34 0.1
8 
1.17 0.0
9 
303 4 
  4706-
02 
1.25  0.0
8 
0.90  0.51 1.27 0.2     
BY0
3 
1754.
5 
4712-
01 
1.11  0.0
8 
0.84  0.50 1.5 0.3 1.14 0.0
6 
309 8 
  4712-
02 
1.20  0.0
5 
0.73  0.53 1.20  0.0
8  
    
BY0
8 
1753 4714-
01 
1.2 0.2 1.50  0.22 2.3 0.4 0.97 0.1
7 
302 1
7 
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  4714-
02 
1.01 0.0
9 
2.60  0.08 1.5 0.1
7 
    
BY1
0 
1753 4717-
01 
0.94
* 
0.0
4 
1.60  0.21 1.14 0.1
2 
0.97 0.0
6 
291 9 
  4717-
02 
0.94 0.0
4 
1.60  0.19 1.81  0.1
0  
    
BY1
4 
1759 4718-
01 
no 
plate
au 
   0.7 0.1
2 
1.14 0.0
5 
303 5 
  4718-
02 
1.15 0.0
4 
0.73  0.63 1.23 0.1
2 
    
BY1
6 
1758.
6 
4720-
01 
1.13 0.0
5 
3.10  0.03 1.29 0.1
1 
1.13 0.1
0  
300 3
0 
  4720-
02 
1.13 0.0
6 
1.18  0.32 1.77 0.1
3 
    
BY1
7 
1758.
3 
4721-
01 
1.19 0.0
3 
1.60  0.10 1.23 0.0
5 
1.17 0.0
3 
308 9 
  4721-
02 
1.19 0.0
3 
0.60  0.75 1.16 0.0
5 
    
BY1
8 
1757.
85 
4723-
01 
1.21 0.0
5 
0.41  0.84 1.2 0.0
7 
1.17 0.0
4 
309 1
0 
  4723-
02 
1.22 0.0
7 
0.99  0.42 1.99 0.1     
BY2
3 
1757 4733-
01 
1.11
* 
0.0
5 
5.60  0.02 0.76 0.0
8 
1.15 0.0
6 
297 1
6 
  4733-
02 
1.19 0.0
6 
1.30  0.27 1.15 0.1
2 
    
BY2
4 
1756 4734-
01 
0.76 0.0
8 
1.90  0.15 0.99 0.1
6 
0.73 0.1
0  
302 5 
  
 
56 
  4734-
02 
0.81 0.1
2 
0.66  0.52 0.61 0.1
9 
    
BY9
2 
1762 4769-
01 
0.59 0.0
9 
0.96  0.38 0.38 0.1
4 
0.53 0.0
8 
301 6 
  4769-
02 
0.52 0.0
7 
2.10  0.13 0.60  0.1
2  
    
Site D 
BY7
7  
1768 4760-
01 
0.79 0.0
6 
0.61  0.72 0.80  0.1
2  
0.77 0.0
7 
303 8 
  4760-
02 
0.80  0.1
9  
0.67  0.61 0.3 0.3     
BY7
8 
1767 4773-
01 
no 
plate
au 
   0.3 0.1
8 
0.32 0.1 329 1
4 
  4773-
02 
0.53 0.0
8 
0.49  0.69 0.56 0.1
5 
    
BY7
9 
1767 4762-
01 
0.62 0.0
9 
0.41  0.66 0.73 0.1
8 
0.44 0.1 308 5 
  4762-
02 
0.54 0.1
3 
0.79  0.50 0.72 0.1
9 
    
BY8
1 
1767 4763-
01 
0.48 0.0
5 
1.50  0.22 0.57 0.0
9 
0.41 0.0
6 
312 8 
  4763-
02 
0.50  0.0
5  
1.20  0.28 0.49 0.0
9 
    
BY8
6 
1764 4775-
01 
1.12 0.0
5 
1.80  0.14 1.07 0.0
9 
1.11 0.1
5 
290 4
0 
  4775-
02 
1.04
* 
0.0
7 
0.78  0.38 0.8 0.1
2 
    
BY8 1758. 4765- 0.38 0.0 0.20  0.90 0.42 0.1 0.39 0.0 302 3 
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8  5 01 6 5 4 
  4765-
02 
0.43 0.0
4 
0.31  0.91 0.53  0.1
0  
    
BY8
9  
1758 4776-
01 
0.43 0.1
4 
1.60  0.16 0.5 0.3 0.36 0.1
6 
315 1
6 
  4776-
02 
0.08 0.1
5 
1.19  0.31 0.1 0.3     
BY9
0  
1758 4766-
01 
0.72 0.0
5 
1.02  0.38 0.77 0.0
6 
0.74 0.0
7 
299 1
0 
  4766-
02 
0.77 0.0
6 
2.70  0.04 0.68  0.1
0  
    
BY9
1  
1759 4768-
01 
0.53 0.1
4 
0.65  0.58 0.34 0.1
7 
0.32 0.1
1 
315 2
0 
  4768-
02 
0.35 0.1
4 
0.67  0.65 0.2 0.2     
aThe uncertainties (2σ) include the errors in J value, but not include the errors in the potassium 
decay constants. 
bAn asterisk (*) and hash mark (#) indicate a pseudoplateau age and a maximum apparent age, 
respectively. See text for explaination. 
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Table 3. The t-test analysis of climate-Mn oxides correlation in the 0-3 Ma and 0-7 Ma intervals. 
Paleoclimatic proxy time 
(Ma) 
t-value 
Mean 
t-value 
Std. 
dev. 
p time 
(Ma)
t-value 
Mean 
t-value 
Std. 
dev. 
p 
Benthic foraminifer 
oxygen isotopesa 
0~3 9.4410 0.8796 <0.0001 0~7 7.2415 0.5877  <0.0001
Planktonic 
foraminifer oxygen 
isotopesa 
0~3 3.1690 0.7429 0.0122  0~7 2.6499 0.7644  0.0378  
Species diversity 
valuesb 
0~3 -4.0080 0.5437 0.0005  0~7 -3.7676 0.8114  0.0009  
Loess carbonate 
δ
13Cc 
0~3 3.2030 0.5959 0.0069  0~7 2.6998 0.5812  0.0216  
Loess magnetic SUSc 0~3 2.3994 0.6961 0.0526  0~7 2.1599 0.6442  0.0732  
Mesic conifer of 
pollend 
0~2.8 3.7189 0.8130 0.0044          
Note: Std. dev. = standard deviation 
aChen et al.(2004). 
bSingh and Gupta. (2005). 
cAn et al. (2005). 
dXiao et al. (2010). 
